Introduction
The thermal management of electric systems is one major engineering challenge that drives a great deal of research striving for solutions with higher efficiency. Thermal management and its efficiency is important in electric vehicles and in particular battery operated ones. Battery pack thermal management, especially cooling, is very important [1] to achieve high performance and to prevent failure of the battery as the variation of temperature within battery pack can cause accelerated degradation and capacity reduction of battery cells [2] . Therefore, it is important to identify a cooling method to ensure that battery cells in the pack operate in a controlled and uniform temperature range in order to maximize its pack capacity, durability and lifetime. Currently, several thermal management techniques exist to prevent overheating and uneven temperature distribution within each individual cell and across the entire battery pack during charge and discharge cycles:
•
Liquid, examples: cell cooling plate [3] , cells embedded in die-electric fluid [4] ; •
Air, examples: forced air cooling [5] , natural convection [6] ; • Phase change materials, paraffin and so forth [7] . Liquid cooling is typical for applications where high power density is needed. Air can be used instead of liquid [8] when the cooling application is less demanding. Depending on the cell type, different thermal management techniques should be in use to maximize contact with cooling media. For instance, cylindrical cells in direct contact with cooling fluid (air/liquid) is recommended [9] as good contact cannot be achieved with flat cooling plates. On the contrary, cooling plates are suitable for soft pouch type batteries [10] as they can be located inside the battery pack, for example, between cells [11] or modules [12] or outside the battery pack, for example, covering sides [13] or top/bottom [14, 15] . Cooling by means of cooling plates in battery packs has been extensively studied. In Reference [16] , cooling plates with a serpentine channel are evaluated using computational fluid dynamics in order to achieve better fluid flow and heat management. One study [17] promotes three-dimensional flow inside cooling channels using a novel channel geometry that generates chaotic advection flow. Authors in Reference [18] optimized the geometry of the internal fluid channels in a cooling plate for electric vehicle application; they determined the influence of different operating conditions on the optimum cooling plate design.
A typical limitation of most of the known studies is that they do not consider the influence of the manufacturing technique of the channels in the cooling plate. Ignoring the manufacturing technique is not sensible, namely because the surface finishing plays an important role in the efficiency of the heat transfer [19] and the different manufacturing techniques result in different surface finishing characteristics and manufacturing costs.
Therefore, the target of this study is to contribute to cover this gap by introducing a novel manufacturing technique for producing internal closed channels with a free path-the Friction Stir Channelling (FSC)-and give evaluation regarding conventional established techniques. Also, if there is a significant benefit in heat transfer efficiency of air flowing in channels produced by Friction Stir Channelling compared to other channels, then air can be used in some conditions where nowadays only liquid cooling can meet the temperature requirements of the high power density systems. Using air as cooling media has significant benefits over liquid in any application but is most significant in electric-based systems.
Established techniques, which are applied to manufacturing cooling plates, are drilling, milling, extruding, sheet metal forming, casting Additive Manufacturing (AM) and electrical discharge machining (EDM). The drilling is suitable for making the desired channel comprised of straight holes, although the tool length sets the limits for the hole depth. Weaknesses of this process application for the production of channels are the following: i) Requirement of extra holes and pipe plugs [20] ; ii) Challenge to drill long holes and/or of small diameter; iii) Does not enable a conformal cooling strategy; and iv) Production of circular shapes only (which have the smallest surface to volume ratio, for the same volume of channel). The drilling and milling [21] are probably the most common techniques applied in the production of small-scale or small batch production of panels for thermal management. The milling creates open channels with different shapes and depths and a smooth surface finish. To close these channels, additional time-consuming operations needs to be applied, for example, with welding or by embedding a tailor bended tube, typically made of copper, into the milled channel of the cooling plate. However, contacting multibody-based solutions has limited efficiency due to the high thermal resistance between the components. The extrusion allows for the creation of complex cross-sections with closed channels of a smooth surface finish but at a high cost for low production volumes and only straight profiles can be manufactured [22] , not enabling conformal cooling. The sheet metal forming including cutting, stamping, bending, drawing and hydroforming when combined with welding enables the production of components with internal cooling channels [23, 24] and these are used in mass-production also, however, these are multistage complex manufacturing solutions especially when manufacturing internal channels with complex flow paths. Producing casted components with internal closed channels and with a complex path is a highly complex process regardless of the particular casting technique used [25] . The EDM is able to produce straight channels but non-flexible tools pose a limitation to producing long and non-linear internal Energies 2019, 12, 1549 3 of 16 closed channels [26] . Another disadvantage of applying EDM to produce channels is the high cost due to slow manufacturing and the need for consumables.
During the last decade, a new manufacturing method was introduced which is able to create internal closed channels, with a free path, in one manufacturing step. The method is the FSC, a solid state processing technique that was firstly proposed by Mishra [27] , in 2005, as a method of manufacturing heat exchangers. In the original concept, the size of the channel is rather limited as demonstrated in References [28, 29] . In the original concept, the extracted material is accumulated in the gap between the tool shoulder and the original processing surface and if the gap is small the channel volume is limited, whereas if the gap is large, then there is no close die condition to close the ceiling of the channel. In 2013, a new concept enabling a wide range of internal closed channel sizes was introduced by Vilaça et al. [30] . With this new concept, the size of the channel is not limited and can even be variable along the free path. This enhancement is due to the extracted material, flowing in the viscoplastic domain, being driven outside of the processed zone and being left as detachable flash, while the shoulder is always kept in contact with original surface at the original quota, leaving the processed surface in the same original flat condition. Under this new concept, the combination of the geometrical features of the probe and shoulder and the process parameters all control the size and geometrical finishing of the channel internal surfaces. The fundamentals and parameters of the FSC technique and main features of the channels in aluminium alloy AA5083 are extensively addressed in Reference [31] and the fatigue properties characterized in References [31] [32] [33] [34] . In this study, the FSC was applied to one monolithic plate as depicted in Figure 1 .
can even be variable along the free path. This enhancement is due to the extracted material, flowing in the viscoplastic domain, being driven outside of the processed zone and being left as detachable flash, while the shoulder is always kept in contact with original surface at the original quota, leaving the processed surface in the same original flat condition. Under this new concept, the combination of the geometrical features of the probe and shoulder and the process parameters all control the size and geometrical finishing of the channel internal surfaces. The fundamentals and parameters of the FSC technique and main features of the channels in aluminium alloy AA5083 are extensively addressed in Reference [31] and the fatigue properties characterized in References [31] [32] [33] [34] . In this study, the FSC was applied to one monolithic plate as depicted in Figure 1 . The rotating Friction Stir Channelling (FSC) tool, travels along the channel path, with a probe plunged into the monolithic material component and a shoulder in contact with the top surface. No tilt angle is needed to be applied between the tool and the components, enabling easy multi-direction free-path processing. The probe promotes an upward flow of the viscoplasticized material against the shoulder. The shoulder flows out, into a detachable flash, part of the viscoplasticized material and closes the channel ceiling. The channel is produced within the stirred zone of the Thermo-Mechanically Affected Zone (TMAZ) and extra heat flows through the material, generating a Heat-Affected Zone (HAZ). Adapted from [35] .
FSC can be used to manufacture conformal cooling/heating systems as it is easy to produce curved channels with complex paths [36] , which is important for the even distribution of heat [37] . Therefore, this technology allows application opportunities related to the manufacturing of cooling plates, namely for thermal management of EV batteries and electronic systems.
In this paper, a novel manufacturing technique, FSC, is studied with a focus on evaluating its thermal performance in comparison with the same channel produced by a conventional milled technique. This paper is organized across six sections. Section 2 discusses the materials and experimental methods for investigation and characterization of the samples. Section 3 introduces the technological conditions of implementation of the FSC process. Section 4 addresses the characterization of the channel produced by FSC. Section 5 contains thermal efficiency analysis FSC can be used to manufacture conformal cooling/heating systems as it is easy to produce curved channels with complex paths [36] , which is important for the even distribution of heat [37] . Therefore, this technology allows application opportunities related to the manufacturing of cooling plates, namely for thermal management of EV batteries and electronic systems.
In this paper, a novel manufacturing technique, FSC, is studied with a focus on evaluating its thermal performance in comparison with the same channel produced by a conventional milled technique. This paper is organized across six sections. Section 2 discusses the materials and experimental methods for investigation and characterization of the samples. Section 3 introduces the technological conditions of implementation of the FSC process. Section 4 addresses the characterization of the channel produced by FSC. Section 5 contains thermal efficiency analysis between FSC-channel and milled channel. Section 6 contains concluding remarks.
Materials and Experimental Methods for FSC

Material
Test samples with internal channels produced by milling and FSC are investigated. All the samples were produced in plates with thickness of 10 mm, made of AA5083-H111 which is a structural aluminium alloy (Al-Mg), combining good corrosion resistance with strength. This aluminium alloy is typically used in thermal management, because it provides a lightweight solution to applications involving thermal cycles in demanding environments where corrosion resistance is a major requirement. In according to [38] , 
Optical Microscopy
Microscopy samples of the FSC channels were extracted from the channels with a disc saw perpendicular to the processing direction. The samples were mounted in the Struers MultiFast phenolic hot mounting resin using a Struers ProntoPress-20 machine. Mounted samples were ground and polished to 1 µm diamond compound and etched with 10 % hydrofluoric acid. Optical microscopy was performed with Nikon Epiphot 200 microscope equipped with a Nikon DS-2Mv camera. Results are presented in Figure 4 .
Hardness
Vickers microhardness were measured in a cross section of the channel. The FSC sample was measured with a micro-combi tester from CSM Instruments. Indentation force was 500 gf (HV05) and indentations had spacing of 1 mm. A test matrix with a size of 10 x 20 indentations was applied on the sample, centred with the channel. Results are depicted in Figure 5 . Figure 2 illustrates schematics and pictures the utilised test setup for the internal pressure investigation. Pressure testing samples were manufactured with FSC processing parameters shown in Table 1 . Flow was applied by an Enerpac P392 pump. Data was logged with a Gems 3100R0400S pressure sensor, NI USB-6218 data logger and Labview software. The pressure limit of the sensor was 400 bar, therefore, samples were pressurized up to 380 bar. Pressure was increased in steps and with a holding time between the steps. The results of pressure testing are shown in Figure 6 . Figure 2 illustrates schematics and pictures the utilised test setup for the internal pressure investigation. Pressure testing samples were manufactured with FSC processing parameters shown in Table 1 . Flow was applied by an Enerpac P392 pump. Data was logged with a Gems 3100R0400S pressure sensor, NI USB-6218 data logger and Labview software. The pressure limit of the sensor was 400 bar, therefore, samples were pressurized up to 380 bar. Pressure was increased in steps and with a holding time between the steps. The results of pressure testing are shown in Figure 6 . 
Internal Pressure
Profilometer
Due to the significant difference in the finishing of the surfaces of the channels produced with the FSC and milling, the measurement roughness techniques applied were distinct. A contacting profilometer by Taylor Hobson Surtronic was used to quantify the roughness of the smooth surfaces of the channel produced with the milling of the profilometer tip (Standard tip 02 by Taylor Hobson). For the extremely rough and complex surfaces of the channels produced with the FSC, an optical non-contact 3D-profilometer (GFM MikroCAD) with a height resolution of 3 µm and a lateral resolution of 61 µm was used to create 3D-profiles of the surface. Both techniques have their own limitations in accessing deep cavities and undercuts that are not accessible by direct light and the sensor of the profilometer. The summary of the results are presented in Table 2 . 
Technological Application of the FSC
Profilometer
Due to the significant difference in the finishing of the surfaces of the channels produced with the FSC and milling, the measurement roughness techniques applied were distinct. A contacting profilometer by Taylor Hobson Surtronic was used to quantify the roughness of the smooth surfaces of the channel produced with the milling of the profilometer tip (Standard tip 02 by Taylor Hobson). For the extremely rough and complex surfaces of the channels produced with the FSC, an optical non-contact 3D-profilometer (GFM MikroCAD) with a height resolution of 3 µm and a lateral resolution of 61 µm was used to create 3D-profiles of the surface. Both techniques have their own limitations in accessing deep cavities and undercuts that are not accessible by direct light and the sensor of the profilometer. The summary of the results are presented in Table 2 .
Technological Application of the FSC
FSC samples were produced with an ESAB Legio FSW 5UT welding machine. Figure 3 demonstrates a probe thread profile and an assembled FSC-tool utilized for the production of the channels. The material of the FSC tool was H13 tool steel, with a shoulder of 20 mm in diameter and a probe of 8 mm in diameter and a length of 7 mm, with a left-hand (LH) threaded body as represented in Figure 3a .
FSC samples were produced with an ESAB Legio FSW 5UT welding machine. Figure 3 demonstrates a probe thread profile and an assembled FSC-tool utilized for the production of the channels. The material of the FSC tool was H13 tool steel, with a shoulder of 20 mm in diameter and a probe of 8 mm in diameter and a length of 7 mm, with a left-hand (LH) threaded body as represented in Figure 3a . Table 1 depicts the parameters of the FSC process implemented in the production of the channels. The FSC process was implemented with force control. A hole 5 mm in diameter was drilled to a 5 mm depth at the starting point of the channelling in order to reduce the amount of base material expelled during the plunging period of the tool. The diameter and depth of the initial hole is smaller than the probe dimensions to assure full contact of the tool with the base material being processed at Table 1 depicts the parameters of the FSC process implemented in the production of the channels. The FSC process was implemented with force control. A hole 5 mm in diameter was drilled to a 5 mm depth at the starting point of the channelling in order to reduce the amount of base material expelled during the plunging period of the tool. The diameter and depth of the initial hole is smaller than the probe dimensions to assure full contact of the tool with the base material being processed at the end of the plunging period. The set of parameters were established based on the experience acquired during internal and confidential research activities outside of the scope and objectives of this investigation. Table 1 . Parameters of the FSC process implemented in the production of the channels for the samples. Parameters refer to schematics represented in Figure 1 .
Rotation Speed [rpm]
Rotation Direction Grain size and microstructure can be described as follows:
Characterization of the Channel Produced by FSC
Optical Microscopy
• Grain size is visibly smaller in the thermomechanically processed zone than in the HAZ and base material. This is a well-known characteristic in all the friction stir based processes [39, 40] ; • Processed zone is wider in the flow (or retreating side) and the shear (or advancing side) presents a vertical regular geometry, when compared with the retreating side that exhibits an overall wavy shaped configuration; •
The final closing zone of the channel ceiling (zone 3), at the advancing side, exhibits some alignment of oxides, that do not propagate across the thickness of the ceiling. This is due to local low level of forging pressure from the inside of the channel region. Zone 1, at the retreating side is homogeneous; 
Microhardness
A microhardness map of the FSC sample is depicted in Figure 5 . In general, the stirred zone and HAZ has lower hardness than the base material. Within the stirred zone, the channel top presents the higher hardness values and that fact is probably one main reason promoting the high mechanical performance of the channels. The average hardness within the stirred zone was 72 HV05 and the maximum value was 83 HV05. 
Internal Pressure Test
Microhardness
Internal Pressure Test
The tested sample was able to withhold a pressure of 380 bar for over 1.5 hours without failure or any evident loss of pressure. The internal pressure load history presented in Figure 6 shows that FSC channels can be used in applications with high operating pressures. The tested sample was able to withhold a pressure of 380 bar for over 1.5 hours without failure or any evident loss of pressure. The internal pressure load history presented in Figure 6 shows that FSC channels can be used in applications with high operating pressures. 
Geometric Characterization of Channel Surfaces
In order to analyse the distinct morphology of the internal channels produced by FSC, the parts of case samples were cut in the transversal direction ( Figure 7) and opened in the longitudinal direction ( Figure 8 ). Figure 7 demonstrates FSC-channel macrograph cross-section and FSC-channel cross-section sketch with surface names. The FSC-channel size as shown in Figure 7a was approximately 15 mm 2 (2.5 x 6.0 mm). Also shown is the channel size and the area directly related to the technical parameters of the process such as traverse speed, tool rotational speed and probe penetration ( Table 1 ). 
In order to analyse the distinct morphology of the internal channels produced by FSC, the parts of case samples were cut in the transversal direction ( Figure 7) and opened in the longitudinal direction ( Figure 8 ). Figure 7 demonstrates FSC-channel macrograph cross-section and FSC-channel cross-section sketch with surface names. The FSC-channel size as shown in Figure 7a was approximately 15 mm 2 (2.5 x 6.0 mm). Also shown is the channel size and the area directly related to the technical parameters of the process such as traverse speed, tool rotational speed and probe penetration ( Table 1) .
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In order to analyse the distinct morphology of the internal channels produced by FSC, the parts of case samples were cut in the transversal direction ( Figure 7) and opened in the longitudinal direction ( Figure 8 ). Figure 7 demonstrates FSC-channel macrograph cross-section and FSC-channel cross-section sketch with surface names. The FSC-channel size as shown in Figure 7a was approximately 15 mm 2 (2.5 x 6.0 mm). Also shown is the channel size and the area directly related to the technical parameters of the process such as traverse speed, tool rotational speed and probe penetration ( Table 1 ). Surface properties were analysed from the sample that was cut open by EDM. As illustrated in Figure 8 , the surface topography of the channel produced by FSC is rough in this case, especially if compared with the channel size. In fact, it was intended to produce these specific channels with a higher degree of roughness than the ones presented in earlier FSC studies [41] in order to enhance heat transfer. The bottom or root side (Figure 8a ) and the advancing or shear side (Figure 8b ) are closest in roughness compared with the milled channels (Figure 9c ) but the retreating or flow side (Figure 8c ) and the top or ceiling side (Figure 8d ) are higher in roughness than the milled channels. This not only increases the surface area of the channel significantly but should also create turbulent flow with multiple micro sized flow paths. Table 2 illustrates roughness indicators for the channel surfaces, where the measurements, for the FSC channels, have been taken from the sample presented in Figure 8 , according to the sections identified in Figure 7 . Surface roughness has been shown to enhance convective heat transfer [42, 43] . However, surface topology also alters the vortices near the surface and it has a great effect on heat transfer. According to [44] , surface topology should also be considered, not only the surface roughness. 
Thermal Efficiency Analysis Between FSC-channel and Milled Channel
Test Samples
A set of the linear stringer samples was manufactured by milling ( Figure 9a ) and FSC (Figure 9b ) to investigate the heat transfer properties and inherent thermal efficiency of these two different manufacturing technologies. Sample dimensions and properties for study case can be found in Table 3 , where W corresponds to width of the sample, L external to the external length and L channel to the length of the channel in the plate .
The method of evaluating the cross-sectional area of the internal channels produced by FSC and its level of uniformity was based on the average of eight cross sections; an example of the cross section is represented in Figure 7 . The channel dimensions and height-width aspect ratio for manufacturing the milled sample was defined based on this analysis of the FSC-channel. The milled channel sample ( Figure 9a ) was manufactured with these dimensions. Thus, in this case the FSC and the milled channel samples have a similar size, weight and equivalent hydraulic diameters of the channel (Figure 9b ). The outer dimensions of the finished FSC and milled samples are identical and the outer surface is polished on both samples (Figure 9a ). Due to this, case samples are comparable and the difference in heat transfer is dictated mainly by the surface properties of the internal channel. 
Experimental Setup
Thermal exchange of the samples was measured with an adiabatic calorimeter setup as illustrated in Figure 10 . The sample was located in the warm water (40-60 °C) inside the calorimeter having minimal thermal conduction through the walls. Air as a cooling fluid (20 °C) flowed in through the channel of the sample and the flow was kept constant. The experimental procedure implemented is now presented. Temperature logging and water mixing unit was started when the water was put in the calorimeter. The system was then left to stabilize for 20 minutes before coolant flow was started. Then the coolant flowed for 150 minutes. After this, the flow was cut off but the data was collected for 20 minutes more.
In this study case, a calorimeter with a water mass of 3.5 kg was used. Calorimeter mass was 234 g without the lid. The milled sample mass was 53.9 g and the FSC sample was 52.8 g. Mass was measured with a laboratory scale with a measurement error of 0.1 g. Temperatures were measured using K-type JUMO 1.5 mm thermocouple probes that were installed in the flow pipes or in direct contact with calorimeter water. The water bath was kept moving using a mixing unit to avoid thermal gradients. Thermocouples were connected to a National Instrument NI 9214 high-accuracy thermocouple module. Combined maximum error including RMS noise for this setup was 0.36 °C with the sensitivity of 0.01 °C. The sampling rate of the thermocouple module in the high accuracy mode was 1 Hz. 
Thermal exchange of the samples was measured with an adiabatic calorimeter setup as illustrated in Figure 10 . The sample was located in the warm water (40-60 • C) inside the calorimeter having minimal thermal conduction through the walls. Air as a cooling fluid (20 • C) flowed in through the channel of the sample and the flow was kept constant. The experimental procedure implemented is now presented. Temperature logging and water mixing unit was started when the water was put in the calorimeter. The system was then left to stabilize for 20 minutes before coolant flow was started. Then the coolant flowed for 150 minutes. After this, the flow was cut off but the data was collected for 20 minutes more.
In this study case, a calorimeter with a water mass of 3.5 kg was used. Calorimeter mass was 234 g without the lid. The milled sample mass was 53.9 g and the FSC sample was 52.8 g. Mass was measured with a laboratory scale with a measurement error of 0.1 g. Temperatures were measured using K-type JUMO 1.5 mm thermocouple probes that were installed in the flow pipes or in direct contact with calorimeter water. The water bath was kept moving using a mixing unit to avoid thermal gradients. Thermocouples were connected to a National Instrument NI 9214 high-accuracy thermocouple module. Combined maximum error including RMS noise for this setup was 0.36 • C with the sensitivity of 0.01 • C. The sampling rate of the thermocouple module in the high accuracy mode was 1 Hz. A compressed air supply was used as a cooling fluid and its temperature varied slightly between the measurements. The air was filtered with a 0.3 µm filter unit to avoid any oil or impurities entering the system and the flow was measured with a Festo SFE3-F500-Q4 flow sensor and the measurement accuracy was 5%. This sensor has compensation for measurement temperature and pressure, so small fluctuations do not have an effect on the outcome. Based on the hydraulic diameter and Reynolds number, the flow was estimated to be turbulent with flows above 20 L/min. Therefore, all heat exchange measurements for straight channel samples were done with a flow of 50 L/min (20 °C, 100 kPa), when Re>1,4000 based on the used equivalent hydraulic diameter.
Pressure difference over the samples was measured using the SMC PSE 530 0-M5 pressure sensors. Samples were measured three times with flow variation between 0-50 L/min. Repeatability of the sensors is less than ±1 % of the full scale and repeated experiments show higher accuracy than stated by the manufacturer.
As thermal energy is carried out from the calorimeter by the cooling fluid, the calorimeter inner temperature is reduced during the experiment. Temperature is measured directly from the water. Thermal capacity of the sample is negligible and calorimeter thermal capacity has only a minor effect on the thermal capacity of the whole system when compared with the thermal capacity of the water mass. Heat transfer caused by the sample and the cooling fluid can be calculated from the rate of change in water temperature over a period of time (Equation (1)). Thermal measurement has a slow response time and water movement causes minor fluctuation in the measurement. Thus, the cooling power of the sample was calculated over a time period of 360 seconds for each time step of the experiment. As the calorimeter system is considered to be not fully adiabatic, the utilized measurement procedure was used without coolant flow to define calorimeter thermal loss through the whole calorimeter unit. As measurement through the whole temperature range is slow, a mathematical model was established to calculate the compensation across the whole measurement range. This model was verified with long measurements starting at certain temperatures. The calorimeter thermal loss was found to be 1.3-2.7 W at a temperature range of 30-40 °C. Calorimeter thermal loss was calculated for each time step and it is deducted from the total thermal power extracted as seen in Equation (1). Thus, the results show only the thermal loss caused by the coolant flow through the sample. A compressed air supply was used as a cooling fluid and its temperature varied slightly between the measurements. The air was filtered with a 0.3 µm filter unit to avoid any oil or impurities entering the system and the flow was measured with a Festo SFE3-F500-Q4 flow sensor and the measurement accuracy was 5%. This sensor has compensation for measurement temperature and pressure, so small fluctuations do not have an effect on the outcome. Based on the hydraulic diameter and Reynolds number, the flow was estimated to be turbulent with flows above 20 L/min. Therefore, all heat exchange measurements for straight channel samples were done with a flow of 50 L/min (20 • C, 100 kPa), when Re>1,4000 based on the used equivalent hydraulic diameter.
As thermal energy is carried out from the calorimeter by the cooling fluid, the calorimeter inner temperature is reduced during the experiment. Temperature is measured directly from the water. Thermal capacity of the sample is negligible and calorimeter thermal capacity has only a minor effect on the thermal capacity of the whole system when compared with the thermal capacity of the water mass. Heat transfer caused by the sample and the cooling fluid can be calculated from the rate of change in water temperature over a period of time (Equation (1)). Thermal measurement has a slow response time and water movement causes minor fluctuation in the measurement. Thus, the cooling power of the sample was calculated over a time period of 360 seconds for each time step of the experiment. As the calorimeter system is considered to be not fully adiabatic, the utilized measurement procedure was used without coolant flow to define calorimeter thermal loss through the whole calorimeter unit. As measurement through the whole temperature range is slow, a mathematical model was established to calculate the compensation across the whole measurement range. This model was verified with long measurements starting at certain temperatures. The calorimeter thermal loss was found to be 1.3-2.7 W at a temperature range of 30-40 • C. Calorimeter thermal loss was calculated for each time step and it is deducted from the total thermal power extracted as seen in Equation (1) . Thus, the results show only the thermal loss caused by the coolant flow through the sample.
The total heat transfer error for this setup was ±1% which was calculated from measurement errors. Differences in heat transfer rate of the samples can be defined and compared with this setup because the measurement setup and conditions are the same.
Experimental Thermal Results
The two samples with straight stringer channels, shown in Figure 9a , were tested. The measurement results of the samples are repeatable. During the experiment, calorimeter water temperature drops (as shown in Figure 11 ) as the coolant flowing in the channel of the sample transfers heat. With a higher heat transfer rate, the calorimeter water temperature gradient is steeper. Average coolant temperatures are given in the Figure 11 .
The two samples with straight stringer channels, shown in Figure 9a , were tested. The measurement results of the samples are repeatable. During the experiment, calorimeter water temperature drops (as shown in Figure 11 ) as the coolant flowing in the channel of the sample transfers heat. With a higher heat transfer rate, the calorimeter water temperature gradient is steeper. Average coolant temperatures are given in the Figure 11 . Calorimeter heat loss can be seen in flat curves before and after the coolant flow has been started. These values can be used to determine calorimeter loss. Adapted from [35] .
The cooling power of the sample for each time step was calculated directly with the information from Figure 11 . However, the cooling rate of calorimeter water differs with FSC and milled samples. Thus, comparison of the cooling power of the samples must be made when the temperature difference between the coolant and calorimeter water is the same for both samples (Figure 12a ). A cooling power comparison chart (Figure 12b ) was drawn for comparison. Figure 12b demonstrates a 45 % (±1%) higher cooling power of FSC-channel compared with the milled sample in similar conditions. The dashed line in Figure 12b is the harmonic mean of the measurement sets with a 2SD (95%) error bar. The results also illustrate that the rough surface of the FSC creates vortices on the channel surface, which increases heat transfer. However, vorticity and turbulence increases the friction in the flow, thus increasing the pressure loss over the channel length. Pressure difference measurement (illustrated in Figure 13 ) for the case study samples indicate 36 % (±1%) an increase in pressure loss for the FSC sample and the milled sample. The cooling power of the sample for each time step was calculated directly with the information from Figure 11 . However, the cooling rate of calorimeter water differs with FSC and milled samples. Thus, comparison of the cooling power of the samples must be made when the temperature difference between the coolant and calorimeter water is the same for both samples (Figure 12a ). A cooling power comparison chart (Figure 12b ) was drawn for comparison. Figure 12b demonstrates a 45 % (±1%) higher cooling power of FSC-channel compared with the milled sample in similar conditions. The dashed line in Figure 12b is the harmonic mean of the measurement sets with a 2SD (95%) error bar. The results also illustrate that the rough surface of the FSC creates vortices on the channel surface, which increases heat transfer. However, vorticity and turbulence increases the friction in the flow, thus increasing the pressure loss over the channel length. Pressure difference measurement (illustrated in Figure 13 ) for the case study samples indicate 36 % (±1%) an increase in pressure loss for the FSC sample and the milled sample. The results of the surface roughness investigation show that the different walls of the FSC channel have major differences in roughness pattern. The FSC manufacturing conditions for the samples used in this study resulted in a very rough surface. However, it is known from previous implementations using the same material that FSC-channels can be manufactured to be smoother [32] if needed. In fact, as heat transfer varies according to surface roughness and morphology of the channel, the heat transfer in channels produced by FSC can be continuously modified over the length by varying the manufacturing parameters such as travel and rotation speed and forging force. In the near future, FSC could become a unique manufacturing method to produce a complex path channel with varying heat transfer rate along the channel length in one manufacturing step.
Conclusions
This paper investigates the heat transfer capacity rate with air flowing within closed channels made by conventional milling and the innovative process FSC. The samples were produced with similar size and shape, with the major difference being the manufacturing method and thus the surface finish of the channel. The surface of the channels obtained with FSChas higher roughness when compared with the milled channel. Based on the thermal efficiency analysis and characterization of the channel produced by FSC, the following main conclusions are possible to draw:
• The optical microscopy analysis shows the roughness of the different channel surfaces as a result of the different forging conditions. The top surface of the channel presents some unbonded regions and alignment of oxide particles at the advancing side but most of the thickness of the ceiling layer of the channel is sound and well consolidated; • The stirred zone and HAZ exhibits lower hardness than the base material but the channel top layer presents somewhat higher hardness values. This fact is probably a key contributor to the high mechanical performance of the channels, as evidenced by the internal pressure test, with the channels withstanding 380 bar for a long period without any leak; • The surface finishing analysis shows relatively smoother surfaces at the bottom and shear The results of the surface roughness investigation show that the different walls of the FSC channel have major differences in roughness pattern. The FSC manufacturing conditions for the samples used in this study resulted in a very rough surface. However, it is known from previous implementations using the same material that FSC-channels can be manufactured to be smoother [32] if needed. In fact, as heat transfer varies according to surface roughness and morphology of the channel, the heat transfer in channels produced by FSC can be continuously modified over the length by varying the manufacturing parameters such as travel and rotation speed and forging force. In the near future, FSC could become a unique manufacturing method to produce a complex path channel with varying heat transfer rate along the channel length in one manufacturing step.
•
The optical microscopy analysis shows the roughness of the different channel surfaces as a result of the different forging conditions. The top surface of the channel presents some unbonded regions and alignment of oxide particles at the advancing side but most of the thickness of the ceiling layer of the channel is sound and well consolidated;
• The stirred zone and HAZ exhibits lower hardness than the base material but the channel top layer presents somewhat higher hardness values. This fact is probably a key contributor to the high mechanical performance of the channels, as evidenced by the internal pressure test, with the channels withstanding 380 bar for a long period without any leak; •
The surface finishing analysis shows relatively smoother surfaces at the bottom and shear sides and highly rough surfaces at the ceiling and retreating sides. But the roughness in all surfaces is considerably higher than the ones obtained in channels produced by milling; •
The turbulent air cooling channels produced with FSC presented a 45 % higher heat power dissipation capacity when compared with the ones produced by milling. The channels produced with FSC had an increased pressure loss of about 36 %.
